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A STUDY OF OXIDATION KINIQICS OF NICKEL METAL 
I N  FLOWING AIR AND OXYGEN-NITROGEN MI-S 
By D. J. Progar and B. W. Lewis  
Langley Research Center 
A study w a s  made of t he  oxidation kinet ics  of nickel m e t a l  sheet i n  flowing 
a i r  and i n  oxygen-nitrogen mixtures of varying composition. The study covered 
the  temperatures 1500° F, 17>0° F, 2000° F, 2250° F, and 2500° F and covered 
flow conditions of natural  convection and 0.065, 0.130, 0.205, and 0.280 stand- 
a rd  ft3/min f o r  the  a i r  study and 0.130 and 0.280 standard ft3/min f o r  t he  
oxygen-nitrogen mixture study. The oxygen p a r t i a l  pressures of t he  gas mixtures 
used were 380, 76, 38, and 7.6 mm mercury. A thermogravimetric technique w a s  
used t o  obtain the  r a t e  data. The data showed the  reaction i n  the  thick-film 
region t o  follow a parabolic-rate-law character is t ic  of a mechanism i n  which 
diffusion through a crystal l ine so l id  i s  r a t e  controlling. The reaction-rate 
constants and energy of activation obtained agree reasonably w e l l  with most other 
experiments i n  the l i t e r a t u r e  i n  which there  w a s  no forced flow of gas. This 
study showed no ef fec t  of flow on the  reaction-rate constants f o r  a i r  but did 
show a s l igh t  decrease i n  reaction-rate constants f o r  an approximately doubled 
flow ra t e  f o r  the  oxygen-nitrogen gas mixtures. 
the  oxide by X-ray d i f f rac t ion  and opt ica l  microscopy were performed. 
Examinations of the  nickel and 
INTRODUCTION 
The oxidation of metals a t  temperatures below t h e i r  melting point i s  often 
Whereas t h e  m e t a l  i t s e l f  may re ta in  acceptable a l i m i t i n g  fac tor  i n  t h e i r  use. 
physical properties a t  high temperatures, i t s  oxide generally has poor properties 
and thus knowledge of t he  rate a t  which oxidation occurs f o r  a range of tempera- 
tu res  and conditions of exposure t o  oxygen i s  important i n  many applications. 
Not only i s  the  r a t e  i tself  of importance but knowledge of t he  mechanism and 
ef fec ts  of various other factors  on the  rate may determine the  m e t a l ' s  useful- 
ness. Studies of t he  reaction kinet ics  of m e t a l  oxidation yield not only quan- 
t i t a t i v e  reaction rates but reveal information as t o  the  mechanism of the  reac- 
t ion .  By knowing a mechanism, it i s  sometimes possible t o  devise a method of 
changing the  reaction rate by providing bar r ie rs  t o  access of t he  reacting 
species or by providing a l te rna te  rate-determining paths. Generally, kinet ics  
studies are performed over as great  a range of variables as i s  possible with 
good control. I n  the  present case the  authors were interested i n  studying the  
oxidation kinet ics  of nickel m e t a l  i n  a flowing gas stream while developing a 
I 
general  technique f o r  such studies.  
investigators (refs. 1 t o  6 )  whose works present a f a i r l y  consistent picture  of 
t h e  oxidation k ine t i c s  but did not include any studies  of t he  e f fec ts  of flowing 
gas. 
bo l i c  rate " law" and has an act ivat ion energy of about & kcal/mole i n  the  
range of 1000° F t o  a O O o  F w i t h  some exceptions and f o r  several  d i f fe ren t  par- 
t i a l  pressures of oxygen. 
reaction-rate constants kp and the  Ea f o r  specimens of d i f fe ren t  puri ty  and 
f o r  d i f fe ren t  impurities when compared at a given temperature. 
accepted mechanism f o r  t h e  thick-film oxidation (as  distinguished from the  in i -  
tial t h i n  f i l m  region) has been developed by others and is  based on the  theory 
of Wagner ( r e f .  5 )  i n  which the reaction rate is  believed t o  be controlled by 
t h e  diffusion of N i 2 +  cations through the  nickel oxide N i O  from the  metal-oxide 
in te r face  t o  the  oxide-gas interface.  This mechanism i s  supported by experi- 
ments of the  conductivity of N i O  both pure and when doped w i t h  cer ta in  Impurities 
and a l so  by s tudies  of t he  thermoelectric e f fec ts  i n  N i O .  According t o  the  
Wagner theory, the reaction-rate constants f o r  nickel oxidation should be depend- 
ent on the  one-sixth root of t he  oxygen p a r t i a l  pressure ( po $I6) and some 
(See ref. 7.) 
If th i s  parabolic mechanism i s  correct, one would not expect t ha t  the flow 
of oxidizing gas over the  oxide surface would have any ef fec t  on the r a t e  of 
reaction; however, a f e w  investigations of the e f f ec t  of flowing gases on other 
parabolic m e t a l  oxidation reactions have shown ef fec ts ,  sensi t ive t o  tempera- 
t u r e  ranges, w h i c h  varied from signif icant  changes i n  rate t o  none at a l l .  
r e f .  5, pp. 77-78.) No spec i f ic  explanation of these ef fec ts  has been found. 
It has been suggested ( r e f .  5 )  tha t  f l o w i n g  gases at  various ra tes  have an 
influence on the  oxide-film formation and re su l t  i n  imperfections o r  defects 
not found i n  stagnant systems o r  f o r  a l l  ranges of flow and temperature. 
N i c k e l  has been studied by a number of 
These references show that the  nickel oxidation reaction follows a para- 
Ea 
Differences have been noted i n  t h e  parabolic 
A generally 
experiments have been reported which showed such a dependency when the  Po2 
w a s  l e s s  than 100 m mercury. 
(See 
I n  the  present study there  were two objectives: (1)  t o  develop and check 
out the  technique of measurement of metal oxidation rates using a metal nickel 
f o r  w h i c h  there  w a s  a r e l a t ive ly  la rge  amount of r e l i ab le  k ine t ic  data and f o r  
which an accepted mechanism w a s  available; and (2)  t o  determine whether t he  
flow of gases over the specimens influenced the  rates of oxidation. 
The study w a s  performed essent ia l ly  i n  two phases. The first w a s  a se r i e s  
of k ine t ic  runs using a i r  as the  oxidizing gas at  the  temperatures 1300° F, 
1750° F, 2000° F, 2250° F, and 2500° F and four  volumetric a i r  flow rates each, 
and having l i nea r  ve loc i t ies  spread between 0.6 and 3.6 f t / s ec  as well a8 a con- 
vection case w i t h  no forced flow. Parabolic reaction-rate constants kp were 
obtained f o r  each of these runs and the  energy of act ivat ion Ea w a s  obtained 
by use of an Arrhenius p lo t  of the var ia t ion of 
t he  absolute temperature 1/T. All specimens were cut from the  sane sheet of 
nickel and thus reasonable uniformity of specimen composition w a s  assumed. 
second phase w a s  a se r i e s  of runs i n  which the  p a r t i a l  pressure of 02 w a s  varied 
log kp w i t h  the reciprocal of 
The 
2 
i n  02-N2 gas mixtures. G a s  mixtures having p 
were metered at flow ra t e s  of 1.23 f t / s ec  t o  1.76 f t /sec,  and 2.31 ft/sec t o  
3.64 f t / s ec  over t he  N i  specimens at  the  temperatures 1750' F, 2000° F, 
22500 F, and 2500° F. The two phases a re  t rea ted  separately t o  avoid confu- 
sion since there  were differences i n  procedure and emphasis. 
of 380, 76, 38, and 7.6 mm Hg 
02 
Besides the  k ine t ic  runs, a study w a s  made of the physical nature of t he  
N i O  scales by use of X-ray d i f f rac t ion  techniques and photomicrography t o  deter- 
mine re la t ive  c rys ta l  s ize  and or ientat ion e f fec ts  if  any. 
SYMBOLS 
a proportionali ty constant equation k = a 
A empirical constant 
Ea act ivat ion energy, kcal  mole"' 
I 
11 
in tens i ty  of X-ray d i f f rac t ion  peak 
highest in tens i ty  X-ray d i f f rac t ion  peak 
k spec i f ic  reaction-rate constant 
kP parabolic react  ion- r a t  e const ant, g2cm-4sec-1 
- 
average kp of four flow ra tes  and convective condition f o r  a kP 
p a r t i  c d a r  temperature, g'm-4sec-1 
h weight change per un i t  specimen area a t  any time, 
exponent of p i n  expression re la t ing  kp t o  po2 
l / n  02 
p a r t i a l  pressure of oxygen, mm Hg 
universal  gas constant, 1.987 c a l  mo1e-I (%)-I 
po2 
R 
T absolute temperature, % 
t time 
WF weight of oxidized specimen a f t e r  removed from furnace, g 
WL l a s t  weight of specimen recorded before removed from furnace, g 
3 
AF'PARATUS AND PROCEDURE 
For t h i s  study of t he  oxidation kinet ics  of nickel a method of measuring 
t h e  weight change as a function of time w a s  selected. (See ref. 5 . )  For t h i s  
technique, t h e  nickel specimen w a s  suspended by an i n e r t  (platinum) w i r e  from 
t h e  arm of an analyt ical  chainomatic balance in to  the  oxidation furnace. This 
technique w a s  chosen f o r  t h i s  investigation because it permitted a semicontinuous 
measurement of the  weight change as a function of time while t he  specimen w a s  i n  
t h e  oxidizing atmosphere. A schematic drawing of t he  thermobalance and asso- 
c ia ted components used i n  t h i s  investigation i s  given i n  f igure 1. 
gas i n l e t  t r a i n s  are shown: one i s  f o r  t he  runs using a i r  and the  other, f o r  
oxygen-nitrogen mixtures. 
Two d i f fe ren t  
For the  air-oxidation studies, air  from a high-pressure l i n e  w a s  passed 
through a purif icat ion system composed of separate glass  containers f i l l e d  with 
a sodium hydrate asbestos absorbent and s i l i c a  g e l  (a dehydrated s i l icon  dioxide) 
f o r  the  removal of carbon dioxide and water vapor, respectively. For t h e  oxygen- 
nitrogen gas mixtures, oxygen of 99.5-percent pur i ty  obtained i n  cylinders w a s  
delivered through a diaphragm regulator and a needle valve and passed through a 
purif icat ion t r a i n  such as w a s  described f o r  air .  The oxygen flow ra t e  w a s  con- 
t ro l l ed  by a calibrated glass  flow meter with the  i n l e t  pressure measured by a 
Bourdon gauge and regulated by a needle valve. 
with hydrogen ( m a x i m u m  1 percent, average analysis 0.5 percent) as i t s  pr incipal  
impurity followed a duplicate system. The two gases were mixed a t  various flow 
ra tes  such t h a t  t he  mixture had oxygen p a r t i a l  pressures of 380, 76, 38, o r  
7.6 mm Hg as required f o r  a par t icu lar  oxidation experiment. Slight deviations 
i n  the  pressure, e i the r  from the  air-pressure l i n e  f o r  the  air-flow system o r  
the  oxygen o r  nitrogen pressure regulation f o r  t h e  oxygen-nitrogen system, were 
minimized by connecting a surge tank (an equalizing reservoir)  t o  t he  system. 
The air  w a s  metered by a flow meter following the  surge tank. 
on, the  two systems were the  same. The gas passed through a wire-wound combus- 
t i o n  tube furnace with small-diameter ceramic tubing f i l l i n g  the  in t e r io r  of the  
fused alumina tube providing a greater  surface area f o r  heat t ransfer  t o  the  gas. 
This gas preheat furnace w a s  operated at  i t s  m a x i m u m  rated temperature of 1800~ F
controlled by an autotransformer. The temperature of t he  preheater w a s  measured 
by a chromel-alumel thermocouple located half t he  length of the  furnace tube and 
touching the  tube w a l l .  
f i l l e d  a metal elbow connecting tube between the  preheat furnace and the oxida- 
t i o n  tube t o  improve flow uniformity i n  the  oxidation tube. The oxidation fur- 
nace used w a s  a commercial combustion tube furnace which w a s  placed so  tha t  the  
tube w a s  i n  a ve r t i ca l  position. 
t he  desired temperatures and the  insensi t ive temperature control of t he  standard 
power supply furnished with the  furnace, it w a s  advantageous t o  use a different  
power supply t o  obtain shorter  heat-up time and closer temperature regulation. 
A power supply consisting of two 20-ampere 120-volt autotransformers connected 
1 i n  pa ra l l e l  w a s  therefore used. The mulli te oxidation tube, 1- inches outside 
2 
diameter and 1- inches inside diameter by 22 inches long w a s  heated by three 
resistance-matched s i l icon  carbide rods. 
a temperature-indicating meter w a s  located between the  resistance rods and 
Nitrogen of 99-percent puri ty  
From t h i s  point 
Zirconia pebbles approximately 3/8 inch i n  diameter 
Because of t he  long t i m e  required t o  obtain 
3 
16 
A shielded thermocouple connected t o  
4 
adjacent t o  the  mulli te tube. Placed above the  furnace w a s  a water-cooled 
shield t o  prevent heat being given off by the  f’urnace from affecting the  balance. 
Above t h i s  shield w a s  a s m a l l  cone-shaped water-cooled shield t o  prevent a i r  
currents from deflecting the  specimen suspension w i r e .  A modified analyt ical  
chainomatic balance with a sens i t iv i ty  of 0.1 milligram w a s  used t o  determine 
the  weight measurements during a k ine t ic  run. The balance w a s  modified by 
grinding a 1/4-inch-diameter hole i n  the  glass  base of t he  balance under the  
l e f t  arm of the  beam. The l e f t  pan w a s  removed and a heat-resistant glass  tube 
w i t h  platinum wire i n  the  shape of a hook sealed i n  both ends of the  tube w a s  
substi tuted.  The glass  tube extended below the  base of the  balance from which 
a nickel specimen w a s  suspended on No. 30 gage ( B  & S) platinum w i r e .  
t o  be sure tha t  the experimental conditions w e r e  controllable and comparable 
f o r  the  various runs and t o  minimize temperature and weighing errors, the  system 
w a s  thoroughly prof i led and calibrated under all conditions of flow and tempera- 
t u r e  t o  be used. 
I n  order 
(See appendix f o r  detai ls . )  
A s  a resu l t  of t he  temperature survey of the  furnace and system, it w a s  
known tha t  the  temperature of the gas flowing past  t he  specimen w a s  lower than 
t h e  temperature of t h e  specimen and the  difference i n  these temperatures depended 
on the  flow rate of gas. This nonequilibrium condition made it necessary t o  
define the  reaction temperature f o r  t h i s  study i n  a manner i n  which it w a s  con- 
sidered t o  be l e a s t  l i ke ly  t o  produce errors  o r  inconsistencies. The reaction 
temperature w a s  therefore defined t o  be the nickel-specimen temperature, a con- 
d i t i on  which could most readily be controlled during a run. Table I gives the 
l i nea r  flow ra tes  f o r  each condition of temperature and volume flow ra te  cal- 
culated as  an average over t he  center par t  of t he  tube. It w a s  experimentally 
determined tha t  the  temperature of the  specimen during a run could routinely be 
controlled t o  within f i 5 O  F of t he  desired value and usually w a s  be t t e r  than 
*loo F. 
shown i n  f igure 2. 
See the  appendix and the  two typical  specimen temperature-time p lo ts  
Nickel Specimens 
The 0.005-inch-thick nickel sheet used i n  the  investigation w a s  of a com- 
mercial grade: 
and with the  impurities Zn, Fe, Co, Ag, Se, and Mn being indicated by X-ray 
spectrochemical analysis. Several shapes and s izes  of specimens were tes ted  f o r  
t he  l e a s t  temperature gradient across the  specimen surface. It w a s  found t h a t  
a specimen 2 centimeters by 2 centimeters gave the  best  resul ts .  This specimen 
s i ze  was used throughout t he  experiments. Specimens were cold sheared t o  s i z e  
and a 0.109-centimeter-diameter (0.0429-inch) hole w a s  punched close t o  one edge 
f o r  hanging. 
thousandth of an inch, cleaned i n  e thyl  alcohol and acetone, and then stored i n  
a dessicator u n t i l  needed. A t  t h i s  t i m e  they were cleaned again i n  the  same 
manner, weighed on an analyt ical  chainomatic balance having a sens i t i v i ty  of 
0.1 milligram, and then used f o r  the  experiment. 
0.4730 and 0.4229 gram and had a surface area between 8.45 and 7.92 square 
centimeters. The area of t he  0.109-centimeter hole and the  area of t h e  edges of 
t he  specimen w e r e  taken in to  consideration when specimen surface area w a s  
determined. 
99.5 k 0.3 percent pure determined by e lec t ro ly t ic  deposition 
They were measured with a micrometer cal iper  t o  the  nearest 
The specimens weighed between 
5 
Experimental Procedure 
For the air  oxidation studies, the a i r  w a s  adjusted t o  the desired flow 
rate ,  except f o r  t he  natural  convection condition where the  air  l i n e  w a s  discon- 
nected before the  pur i f ica t ion  t r a i n .  
t he  two gases were mixed i n  such a way t h a t  f o r  the  t o t a l  flow ra tes  used, 
0.130 standard ft3/min and 0.280 standard ft3/min, the  gas had the oxygen p a r t i a l  
pressure desired. This condition was obtained by adjusting the  separate flow 
ra t e s  f o r  oxygen and nitrogen on t h e i r  respective flow meters and mixing them 
before they entered the  preheater. 
with the gas flowing. 
t he  preheater furnace t o  approximately TOO0 _+ 200 F 
The temperature of the  oxidation furnace w a s  ra ised t o  the  desired temperature 
f o r  the gas flow condition and specimen temperature desired. 
predetermined from a cal ibrat ion curve of the  nominal furnace temperature 
plot ted against specimen temperature f o r  the various flow ra tes  used. 
For the  oxygen-nitrogen mixture studies,  
The preheater furnace was heated t o  18000 F 
The preheating raised the  temperature of the  gas leaving 
f o r  t he  convective flow. 
These values were 
The cal ibrat ion curve w a s  obtained and checked by spot welding a thermo- 
couple t o  a nickel specimen and measuring the  electromotive force on a manual 
balance precision potentiometer f o r  a par t icu lar  depth of the specimen i n  the 
oxidizing tube. 
w a s  cleaned as  described ear l ie r ,  weighed on a separate analyt ical  chainomatic 
balance, and the  weight recorded. This weight w a s  the  or iginal  weight of the  
specimen before oxidation. 
suspended below the  balance. 
t h e  specimen w a s  dropped in to  the  hot zone of t he  oxidation furnace and a s top 
watch w a s  s t a r t ed  simultaneously. 
(usually at  ?-minute in t e rva l s )  f o r  runs l a s t ing  between 60 and 120 minutes. 
The balance w a s  adjusted t o  the  equilibrium posi t ion manually as necessary t o  
make the  readings. 
Q-pical cal ibrat ion curves a re  shown i n  f igure 3 .  The specimen 
This specimen w a s  then hung on the platinum wire 
When the furnaces had reached thermal equilibrium, 
Weight measurements were recorded per iodical ly  
After the  last  weight WL was recorded, the  specimen w a s  immediately 
removed from the  furnace, air  cooled quickly t o  room temperature, and weighed on 
the separate ana ly t ica l  chainomatic balance t o  give the  f i n a l  weight Since 
it w a s  d i f f i cu l t ,  i f  not impossible, t o  make an accurate weighing a t  zero time 
because of the  f i n i t e  time required f o r  temperature (about 30 seconds) and 
balance equilibrium a f t e r  dropping the specimen in to  the  furnace, a special  
procedure was adopted. D r a g  was determined as WF - WL and a l l  readings were 
corrected accordingly. Since t h e  desired quantity w a s  the  weight change per 
un i i  area, the specimen weight change f o r  each t i m e  in te rva l  w a s  divided by the 
surface area of t h e  specimen. The sum of these weight changes per un i t  area f o r  
each period w a s  designated as a h quantity. Thus, h i s  a measure of t he  
extent of oxidation which had taken place a f t e r  a given period of time under the 
conditions of the  run. 
WF. 
X-Ray Examination Procedure 
Specimens of unoxidized nickel, oxidized nickel specimens with the  outer 
thick oxide removed by successive flexing and leaving a l i g h t  green o r  gray-green 
b 
oxide exposed, and oxidized nickel specimens were examined by an X-ray diffrac-  
tometer using Cu &-radiation. These specimens, except f o r  the pure 
(99.5 C 3 percent) nickel were from kine t ic  oxidation runs a t  an oqgen  p a r t i a l  
pressure of 76 mm Hg, gas flow rates of 0.130 and 0.280 standard ft3/min, and 
temperatures of about 1750° F, 2000' F, 2250' F, and 2500° F. A l l  t h e  oxide 
coatings were adherent. 
repeated bending; therefore, no X-ray examination of the  substrate oxide could 
be made. Comparison of X-ray charts were made by taking the  highest in tens i ty  
nickel oxide peak t o  be 100, t h a t  i s  
The oxide on 1750' F specimen would not crack off upon 
11, and taking a r a t i o  of t he  other peaks 
I t o  it, t h a t  is, IF1 
RESULTS AND DISCUSSION 
The k ine t ic  measurements i n  both phases of t h i s  study yielded oxidation 
ra tes  which followed a parabolic relationship, t h a t  is ,  
(Am)2 = kpt 
where Am i s  the  w e i g h t  change per un i t  area of the  specimen a t  any t i m e  t 
and kp i s  the  parabolic r a t e  constant. The kp values were obtained f o r  a 
run by taking the  slope of t he  least-squares s t ra ight- l ine p lo t  of 
against t. 
of air  oxidation run conditions. The l inea r i ty  of these p lo ts  indicates t ha t  
a parabolic rate i s  being followed. It can be seen tha t  some runs gave data 
p lo t s  which had two s t ra ight- l ine regions of different  slope, a shorter  region 
a t  the  beginning of t he  run with a greater  slope and a longer region of lesser 
slope a f t e r  the  run had been i n  progress f o r  a short t i m e .  Other runs are seen 
t o  give p lo t s  of a single s t ra ight  l ine .  These differences are interpreted as 
follows: the  p lo ts  having two slopes show behavior associated with two mecha- 
n i s m s ,  an i n i t i a l  thin-film ( ta rn ish)  mechanism and a f i n a l  thick-film (sca le )  
mechanism both of which are parabolic ( so l id  diffusion controlled). An uncer- 
t a i n t y  i s  a l so  present f o r  t h e  i n i t i a l  par t  of t he  slower oxidation rate runs 
since the  w e i g h t  changes are of about the  same order of magnitude as the  balance 
sens i t iv l ty ,  The single slope curves are obtained f o r  runs i n  which the oxida- 
t i o n  rate i s  high enough so t h a t  t h e  thick f i lm i s  formed during t h e  first t i m e  
in terval .  
imental ranges of t h i s  study, only the  values f o r  t h e  thick f i l m  (scale),  
following t h e  Wagner mechanism, are tabulated and compared. The values of kp 
obtained f o r  t h e  a i r  oxidation runs a t  temperatures 1500° F, 1750° F, 2000° F, 
2250° F, and 2500° F a t  each of f i v e  flow rates;  convection, 0.065, 0.130, 0.205, 
and 0.280 standard ft3/min are given i n  t ab le  11. These values were obtained by 
least-squares calculations of the  best  straight l i n e  through the  data points 
judged t o  comprise t h e  thick-film par t  of each run. A Ep value i s  tabulated 
f o r  each temperature which is  t h e  average 
t ions .  
0.205 standard ft3/min runs a t  1500° F of which there  are two runs each. 
(Am)2 
Figures 4 t o  8 show typica l  data p lo ts  of t h i s  type f o r  a var ie ty  
Since there  w a s  t h i s  type of var ia t ion i n  mechanisms within the  exper- 
kp 
kp value f o r  t h e  f i v e  flow condi- 
Values of kp i n  t ab le  I1 are a l l  f o r  single runs except the  0.065 and 
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Table I11 gives t h e  kp values f o r  t h e  02-82 oxidation runs f o r  tempera- 
t u re s  of 1750° F, 20000 F, 2250° F, and 2500° F at each of t h e  flow rates of 
0.130 and 0.280 standard ft3/min f o r  each of t h e  02-N~ mixtures having po2 
380, 76, 38, 7.6 mm Hg and f igures  9 t o  12  show typica l  p lo t s  of 
t Again t h e  p lo ts  with two slopes and one slope are 
interpreted as before. Since t h e  ac tua l  data obtained f o r  t h e  02-N2 runs were 
obtained at  temperatures somewhat different  than t h e  nominal temperatures of 
1750° F, 2000' F, 2250' F, and 2500' F, t he  values f o r  these round-number t e m -  
peratures were obtained from Arrhenius p lo ts  of t h e  ac tua l  run data. The values 
of kp i n  t ab le  111-are thus given f o r  t h e  round-number temperatures i n  order 
t o  make comparisons of t h e  e f fec t  of flow rate and composition a t  the  various 
t e s t  temperatures. The kp values i n  table I11 are the  average resu l t  of two 
o r  more runs f o r  each condition. 
of 
against 
f o r  t h i s  type of run. 
The energy of act ivat ion Ea i s  obtained by use of t he  Arrhenius equation: 
where k i s  the  reaction-rate constant, A i s  an empirical constant, e i s  
the  base of natural  logarithms, R is  the  universal gas constant, and T i s  
the  absolute temperature. This equation i s  an empirical one which expresses the  
e f fec t  of temperature on the  rates of most k ine t ic  processes. The value Ea i s  
obtained from the  slope of a p lo t  of log kp against  1/T, the  slope being 
equal t o  -Ea/2.303R. 
data of t h i s  study and the  value of Ea obtained from t h i s  p lo t  i s  
41.3 kcal/mole. 
0 2 - N ~  oxidation study where Ea 
runs a t  0.130 standard ft3/min and from 43.3 t o  46.5 kcal/mole f o r  the  r u n s  a t  
0.280 standard ft3/min. The Ea values f o r  t h i s  phase of the  study show a 
trend of increasing Ea with po f o r  each of the  flows. 
Figure 13 i s  the  Arrhenius p lo t  f o r  the  a i r  oxidation 
Figures 14(a) and 14(b) show Arrhenius p lo t s  of t he  data of the  
values vary from 42.3 t o  45.6 kcal/mole f o r  the  
2 
Figures 15 show p lo t s  of k against flow rate i n  standard ft3/min f o r  t he  
a i r  oxidation runs f o r  each of tRe temperatures of t h e  study. 
show t h a t  there  is  no s ignif icant  e f fec t  of flow rate of a i r  i n  the  range studied 
since the  values of kp 
each temperature. An analysis of t he  repeatabi l i ty  of kp determinations -by 
several  runs f o r  various conditions showed t h e  var ia t ion of the  data taken w a s  
within a range of 6.5 percent a t  1750° F t o  4.7 percent a t  2500° F. Thus, t he  
sca t t e r  i n  the  data was considered t o  be due t o  random experimental errors.  The 
probable var ia t ion of kp 
t a l l y  determined temperature control l i m i t )  of the  specimen during a run w a s  
calculated by use of t he  Arrhenius equation after having obtained the  values f o r  
t he  constants A and E.a from t h e  Ep values f o r  the  temperatures of the  air  
oxidation studies.  The difference i n  kp which would r e su l t  from a 150 F t e m -  
perature e r ror  amounted t o  14.8 percent a t  1500° F and decreased regularly with 
These figures 
are randomly dis t r ibuted about an average value f o r  
f o r  a l5O F er ror  i n  average temperature (experimen- 
8 
increasing temperature t o  6.6 percent a t  2500O F. By consulting figures l5(a) 
t o  l5(e) ,  it may be shown t h a t  the  deviations of kp a t  a given temperature 
and f o r  a l l  flow ra t e s  a re  l e s s  than the possible e r ro r  because of the lack of 
precise temperature control. The sca t t e r  may, however, be due mainly t o  t h e  
temperature control factor .  
The specimens were cut from a s ingle  sheet of nickel and were cleaned and 
prepared f o r  t e s t  by the  same procedure each time. 
t h a t  such factors  as surface roughness, primary oxide f i l m ,  percent purity,  and 
presence of cer ta in  impurities may have varying e f f ec t s  on the oxidation rate 
of nickel.  When the  r e su l t s  of t h i s  a i r  oxidation study a re  compared with those 
i n  the l i t e r a t u r e  which were f o r  essent ia l ly  nonflowing systems, these fac tors  
need t o  be kept i n  mind and a l so  tha t  the p a r t i a l  pressure of 02 has a small 
e f fec t .  
Ea The data 
shown i n  figure 16 do not include a l l  t he  studies of nickel oxidation i n  the  
l i t e r a t u r e  since the spec i f ic  data required t o  make the  p lo ts  were not avai lable  
i n  many cases. However, Ea  values were given i n  most cases and most were i n  
the  40 t o  50 kcal/mole range. 
various studies probably r e f l ec t  differences i n  percent purity, impurity species, 
02 p a r t i a l  pressure, o r  experimental methods including specimen surface condi- 
t ion.  Variations of as much a s  tenfold i n  the kp values have been shown i n  
reference 5 (from the  work of Von Goldbeck) t o  r e su l t  from varying the amounts 
and/or kinds of impurities and these var ia t ions seem t o  be about the same as 
those shown i n  the  investigations compared i n  f igure 16. 
theory describing cationic diffusion mechanisms, the  presence of cer ta in  types 
of cationic impurities i n  the  oxide l a t t i c e  w i l l  a f f ec t  s ignif icant ly  the  r a t e  
of diffusion of the  N i 2 +  cations through the  N i O  l a t t i c e .  Thus, the  a i r  oxida- 
t i o n  data obtained i n  t h i s  investigation a r e  considered t o  agree reasonably w e l l  
with others i n  the  l i t e r a t u r e .  The generally accepted thick-film mechanism f o r  
oxidation of nickel is supported by t h i s  study and no ef fec t  of flow w a s  
observed i n  the  a i r  oxidation ra tes  measured. 
The l i t e r a t u r e  has shown 
One way of comparing r e su l t s  i s  t o  examine the  Arrhenius p lo ts  and the  
values f o r t h e  various studies as may be done by use of f igure 16. 
The differences i n  the  k ine t ics  between the  
According t o  the  
I n  the second phase of these oxidation studies,  t he  e f fec ts  of 02 p a r t i a l  
pressure and flow were investigated f o r  several  temperatures. The kp values 
have been presented i n  t ab le  I11 and Ea values are given i n  f igure 14 as has 
previously been mentioned. 
t ionship between reaction-rate constant and 
is  
According t o  the theory of Wagner, the general rela- 
po 2 f o r  a reaction of t h i s  type 
k = a(po2)1/n 
I 
where a i s  a proportionali ty cokstant and n depends on the  stoichiometry 
of t he  rate-determining reaction process. A value of 6 f o r  n has been derived 
theore t ica l ly  f o r  thick-film nickel oxidation. 
value of n with the  experimental data of t h i s  study, the  variation of t h e  log 
of % with log p w a s  p lot ted and the slope of t he  s t ra ight - l ine  portion 
I n  order t o  t e s t  t h i s  theore t ica l  
02 
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of the  curve w a s  obtained t o  give Figures l'j'(a) t o  l7(h)  are the  p l o t s  
of the var ia t ion  of log kp with log po2 and t ab le  IV gives the values of 
n derived from these plots .  It may be seen from these p lo ts  that the  l i n e a r  
relationship predicted by the  equation is  followed by the  three points f o r  -the 
kp t o  become l e s s  sen- 
s i t ive t o  p somewhere between 76 and 380 mm Hg. Reference 1 indicates t h a t  
others have placed the  threshold of s ens i t i v i ty  t o  
76 t o  100 mm Hg of 02 f o r  high puri ty  N i .  The values of n which were obtained 
i n  t h i s  study varied with temperature and with flow rate but averaged about 6.1. 
This condition seems t o  indicate tha t  the mechanism assumed i n  arr iving a t  the  
theoret ical  value of 6 f o r  
process. The f a c t  t h a t  the values of n show trends with temperature and flow 
could indicate varying contributions from other simultaneous modes of diffusion 
which were more o r  l e s s  dependent on temperature o r  surface conditions. It i s  
cer ta in  tha t  more than a s ingle  diffusion mechanism occurs i n  N i O ,  and impuri- 
t i e s  complicate the  diffusion and the  overal l  oxidation process. 
l/n. 
of 7.6, 38, and 76 mm Hg and the tendency i s  f o r  po2 
02 
p below the v i c in i ty  of 02 
n i s  probably correct f o r  the  major diffusion 
It has been noted ( r e f .  5 ,  p. 78) t h a t  s m a l l  amounts of iner t  gases may 
a f f ec t  the adsorption processes of 02 and thus the oxidation rates .  
obtained i n  t h i s  study may indicate t h a t  some such ef fec ts  were encountered i f  
the  02-N2 runs and the  a i r  runs are compared. 
The data 
When the  a i r  runs 
= 159 mm Hg) were plot ted with the 02-N2 runs i n  p lo ts  of kp against 
t he  a i r  points varied randomly with respect t o  the  s t ra ight- l ine portions 
(po2 
Po$ 
of the  02-N~ points f o r  the  d i f fe ren t  temperatures. This condition might be due 
t o  some var ia t ion i n  gas impurity e f fec ts  o r  might a l so  be due t o  a more refined 
technique which had been developed by the  time the  OpN2 runs were made. 
f o r  these reasons the a i r  data were not included i n  the p lo ts  of f igure 17. 
Thus 
In  connection with the gas impurity effects ,  consideration of t he  e f fec t  
of the  H2 impurity present i n  the N2 used i n  t h i s  study i s  i n  order. A s  w a s  
s ta ted  previously, t he  N2 used contained an average of 0.5 percent H2 with a 
maximum of 1 percent. 
impurity would be negligible as a reactant, but a t  the  lowest 02 content mix- 
tures the H2 would be of about the same order of magnitude as the 02. 
the H2 may react  with N i O  t o  reduce it back t o  the  metal i s  a possibi l i ty .  How- 
ever, a consideration of t he  free-energy changes of t he  possible reactions, t h a t  
is, oxidation of N i  by 02 and reduction of t he  product N i O  by H2, indicates t h a t  
the oxidation reaction i s  clearly favored thermodynamically over the temperature 
range of t h i s  study. 
t i on  and r a t e  of growth of N i O  scale  has been shown by studies of the  oxidation 
of N i  s ingle crystals  by Lawless, Young, and Gwathmey ( r e f .  8). They a l so  
obtained data showing d i f fe ren t  ra tes  of oxidation f o r  different  c rys ta l  faces 
of N i .  
have been affected by the  presence of H2 compared with the a i r  runs but only as 
a consequence of nucleation effects  ra ther  than of the  reduction reaction. 
10 
I n  02-N2 mixtures of re la t ive ly  high 02 content, the H e  
That 
That the presence of H2 i n  the  metal may a f f ec t  the nuclea- 
Thus, it i s  believed t h a t  the oxidation ra tes  f o r  the  02-Ng runs may 
I n  studying the  data of t ab le  111, it w i l l  be noted t h a t  de f in i t e  trends 
a re  apparent. F i r s t ,  kp var ies  with p as jus t  discussed. Next, whereas 
there  w a s  no tendency f o r  the  air  oxidation runs t o  show a systematic var ia t ion 
with air  flow rate,  the  02-N~ runs showed a small but consistent decrease i n  
kp 
f o r  such an ef fec t  i s  not known; however, as pointed out earlier, var ia t ions i n  
r a t e  have been observed f o r  parabolic-type oxidations when f l o w  rates were 
varied and i n  some cases maxima have been obtained. 
appear t h a t  the most plausible explanation of these types of observed ef fec ts  
i s  t h a t  the flow of gases over t h e  surface has an influence on t h e  morphology 
and or ientat ion of t he  oxide layer  (ref. 5) which a f f ec t s  the  diffusion rates 
of ions i n  the  oxide and hence the oxidation rate. 
02 
values f o r  an approximately twofold increase i n  gas flow rate .  The reason 
(See re f .  5 . )  It would 
There w a s  a noticeable difference i n  the  appearance of the  oxidized 
specimens with change i n  temperature and/or oxidation ra te .  
information on the  colors of the  oxide surface and the subsurface oxide when 
the outer scale  w a s  removed by flaking off with bending of the  specimens f o r  
all of the  02-N~ runs. The color variations appeared t o  be more closely related 
t o  temperature than t o  flow o r  
2000' F) gave t h i n  smooth coatings with a greenish cast .  
had a gray smooth coating and the 2500' F specimens had a dark gray somewhat 
shiny but rough surface. IR order t o  determine whether t he re  were any detect-  
able crystallographic o r  or ientat ion differences i n  the  variously appearing 
oxides, some X-ray d i f f rac t ion  s tudies  were made of the unoxidized nickel and fo r  
t he  outer oxide surface and the  subsurface oxide f o r  the  runs with the p o f  
02 
76 mm Hg. 
t o  21. These f igures  a re  p lo t s  of the  var ia t ion of peak height ( in tens i ty)  
r a t io s  1/11 of the  various l a t t i c e  planes of N i O  (designated by Miller indices) 
normalized t o  the most intense as 100 with temperature a t  which the  specimen 
had been run. In  f igures  18 and 19 when runs a t  0.130 standard ft3/min flow a r e  
compared, the peak f o r  the  111 plane of t he  outer oxide f o r  the  2500° F specimen 
w a s  most intense and i n  f igures  20 and 21, when runs a t  0.280 standard ft3/min 
flow a re  compared, the  peak f o r  the 200 plane of t he  outer oxide f o r  the  20000 F 
specimen w a s  most intense. These f igures  indicate  de f in i t e  preferred orienta- 
t i on  ex i s t s  f o r  these specimens p a r a l l e l  t o  the  sheet. For a powder sample 
(random orientat ion)  of N i O ,  the  ASTM powder data f i l e  ( r e f .  9 )  gives the  most 
intense peak as the  200 plane, t he  1ll plane being s l igh t ly  less Intense. For 
the  outer surfaces (greenish gray t o  dark gray) of t h e  specimens ( f ig s .  18 
and 20) the  200 and 1U. planes appear t o  have about the same degree of in tens i ty  
a s  t he  powder data i n  the  lower specimen temperature range but as the  tempera- 
t u r e  at  which the  specimen w a s  run increased above about 2100° F, a de f in i t e  
preferred or ientat ion of t he  I l l  plane developed as re l a t ive  in t ens i t i e s  of the 
200 plane dropped rapidly while t he  r e l a t ive  in tens i ty  of t h e  111 plane 
increased rapidly ( f i g .  18) o r  remained high ( f i g .  20). All other planes pres- 
ent on t h e  outer surface were of l o w  in tens i ty  and changed r e l a t ive ly  l i t t l e  
with temperature. Figures 19 and 21 show the  preferred or ientat ion f o r  the  sub- 
surface oxide layer  ( l i g h t  green). The 200 plane here has the  highest r a t i o  
and has a maximum value a t  about 2250° F f o r  both flow rates;  however, the  
1ll plane has very l o w  in t ens i ty  r a t i o s  and thus indicates a preferred 
Table V gives 
The lower temperatures (1750' F and 02' p 
The 2250' F specimens 
The r e su l t s  of these s tudies  of t h e  oxide a r e  shown i n  f igures  18 
11 
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orientat ion e f fec t  i n  tha t  it d i f f e r s  from the  random powder pattern.  This 
or ientat ion i s  following t h a t  of the  unoxidized nickel  metal surface w h i c h  w a s  
determined t o  have a high degree of orientat ion i n  t he  200 plane with very l i t t l e  
lll plane showing as opposed t o  the  nickel powder pa t te rn  i n  w h i c h  the lll plane 
i s  most intense and the  200 plane only moderate. 
i s  no clear  evidence of preferred or ientat ion differences which might explain 
the  trend i n  the values of kp w i t h  f l a w  rate f o r  the  02-N2 mixtures. "here 
are, however, indications i n  the l i t e r a t u r e  that or ientat ion differences can 
de f in i t e ly  a f f ec t  the oxidation rate by varying the  diffusion rates. 
example, ref. 10.) 
From these X-ray aata, there  
(See, f o r  
There i s  a possible correlation between the  preferred or ientat ion of the 
outer oxide surface and color as it appears that the t rend from a greenish gray 
t o  a dark gray outer  surface coincides w i t h  an increasing in tens i ty  from t h e  
1ll plane accompanied by the  decrease in in tens i ty  from the 200 plane a t  the 
surface. 
being due t o  a var ia t ion i n  l a t t i c e  content of oxygen ions ?@-), the  higher 
content giving the  dark gray color. 
Others (ref. 11) have based explanations of the  c l o r  differences as 
Results of microscopic examinations of the oxide surfaces, both the  outer 
surface and the  subsurfaces ( l ight  green) shared i n  both cases tha t  the c rys ta l  
form became more regular as the  temperature of t he  t e s t  increased and a l so  tha t  
the average c rys ta l  s i ze  increased with t e s t  temperature. 
The r e su l t s  of the 02-N2 oxidation studies showed a s m a l l  but s ignif icant  
decrease i n  oxidation rate f o r  an approximately doubled gas flaw r a t e  over a 
temperature and p range. The reason f o r  t h i s  seemingly anomalous behavior 
has not been determined but it should be noted t h a t  th i s  type of behavior has 
been observed by others i n  s tudies  of d i f fe ren t  parabolic oxidation systems. 
(See ref. 5 . )  
i n  adsorption r a t e  of 02, nucleation s i te  formation, or ientat ion or crys ta l  
growth a l l  of which can a f f ec t  the diffusion mechanisms and ra tes  i n  the  oxide 
layer.  
specif ic  information bearing on these poss ib i l i t i e s .  
02 
Some possible explanations f o r  t h i s  behavior involve differences 
It appears t h a t  d i f fe ren t  types of studies a re  necessary t o  obtain 
CONCLUDING REMAFXS 
This study of t he  k ine t ics  of nickel  metal oxidation i n  the  temperature 
range 1500° F t o  2500° F and f o r  flow rates f r o m  natural  convection t o  
0.280 standard f%3/min f o r  a i r  and f o r  02-N~ mixtures has shown t h a t  flaw i n  
the range tes ted  for the  air  study had no measurable e f fec t  on the  oxidation 
rate of nickel. The r a t e  constants kp and the  energy of act ivat ion Ea 
determined were i n  reasonable agreement w i t h  other s tudies  i n  the  l i t e r a tu re .  
The 
02-N~ mixtures, t he  Ea value ranged between 42.3 and 46.5 kcal/mole. The 
study of the  effect of 02 partial pressure indicated that t h e  
Ea value determined from the a i r  data w a s  41.3 kcal/mole and f o r  the  
kp values were 
1 2  
dependent on p where average values of n varied from 7.14 t o  5.14 
f o r  the  0.130 and 0.280 standard ft3/min f l o w  rates, respectively. 
theore t ica l  value of n 
i n  the  N i O  l a t t i c e  i s  6, t h e  values obtained i n  t h i s  study would tend t o  indi- 
ca te  t ha t  t h i s  mechanism i s  probably responsible f o r  most of t he  oxidation 
r a t e s  observed, other mechanisms contributing t o  varying degrees according t o  
temperature and flow rate. An apparently anamolous decrease i n  reaction r a t e  
with increase i n  flow r a t e  f o r  t he  0 2 - N ~  runs has not been explained but such 
e f f ec t s  a r e  not unknam and may possibly be due t o  surface phenomena re la t ing  
t o  nucleation and crys ta l  growth. 
02 
Since the  
f o r  a mechanism involving the  diffusion of Ni+2 ions 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hmpton, Va., August 11, 1964. 
APPENDIX 
TEMPERATURE PROFIB SURVEX AND CALIBRATION OF THE OXIDATION FURNACE 
The furnace used i n  th i s  oxidation study w a s  a commercial glow-rod 
resistance-heated horizontal  tube type. Three s i l i con  carbide glow rods were 
resistance matched and equally spaced around and pa ra l l e l  t o  the furnace tube. 
The mullite combustion tube was approximately 1 2  inches inside diameter by 16 
16 inches outside diameter and 22 inches long. 
temperature ra t ing w a s  2500' F. 
reading temperature d i r ec t ly  i n  Fahrenheit and Centigrade temperatures from a 
platinum-platinum-rhodium thermocouple whose junction w a s  f ixed i n  the  furnace 
close t o  the combustion tube. 
which hereinaf ter  is designated a s  the  nominal furnace temperature. 
temperature-control system provided w i t h  t he  furnace proved t o  be too coarse t o  
maintain a given temperature within fi5' F required f o r  t h i s  study; therefore, 
a sui table  manually controlled autotransformer w a s  substi tuted and adequate con- 
t r o l  w a s  thus obtained. I n  t h i s  work the  furnace w a s  turned over on i t s  s ide  
and supported so tha t  the tube was v e r t i c a l  t o  allow a specimen t o  hang f r ee ly  
i n  the  tube when suspended from a balance. 
The maximum continuous operating 
The furnace w a s  equipped w i t h  a mi l l ivo l t  meter 
This gage was used t o  obtain the temperature 
The 
Preliminary measurements using bare thermocouples inside the tube when a t  
a given furnace temperature indicated tha t  there  were large variations i n  t e m -  
perature according t o  posit ion and a l so  considerable fluctuations w i t h  t i m e  a t  
a given position. After  various additions and a l t e r a t ions  t o  an a i r  i n l e t  sys- 
tem t o  the  bottom of the  tube, a system w a s  found which appeared t o  give a 
reasonably uniform hot zone of a s i ze  required f o r  t h i s  work and w i t h  a reason- 
ably uniform a i r  flow i n  the  range of the planned study. The f i n a l  system con- 
s i s t ed  of a connection from the compressed-air-line valve t o  a carbon dioxide 
absorption bot t le ,  t o  an anhydrous calcium su l f a t e  f i l l e d  drying bot t le ,  t o  a 
calibrated flow meter, t o  a small wire-wound tube furnace which w a s  packed w i t h  
ceramic tubing and operated a t  18000 F, through an elbow f i l l e d  w i t h  3/8-inch- 
diameter zirconia pebbles, and f i n a l l y  t o  t h e  lower end of the ve r t i ca l  com- 
bustion tube. (See f i g .  1. ) 
With the apparatus described, the  survey of the  temperature prof i les  of 
the  oxidation tube w a s  made a t  various air-flow rates ranging from natural  con- 
vection (connection a t  the compressed-air valve broken and the  upper end of 
oxidation tube open) t o  0.280 standard ft3/min f o r  each of furnace temperatures 
from 1500° F t o  2500' F i n  100' increments. 
of a bare platinum-platinum, 19percent  rhodium thermocouple held r ig id ly  on 
the  end of two-hole refractory ceramic insulator  tubing. The tubing w a s  held 
i n  a rack and pinion device w h i c h  allowed the  thermocouple junction t o  be moved 
ve r t i ca l ly  i n  a reproducible manner t o  various leve ls  inside the furnace tube. 
The furnace tube w a s  surveyed ve r t i ca l ly  along i ts  ax is  i n  increments of 1 inch. 
This survey showed a ho t t e s t  zone which averaged about 5 inches i n  length f o r  
each condition which w a s  called the oxidation zone. 
Temperatures were measured by use 
Figures 22(a) and 22(b) 
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show the  v e r t i c a l  temperature p ro f i l e  along the  axis  i n  the  oxidation zone f o r  
th ree  flow conditions each a t  1500° F and 2500' F nominal furnace temperatures. 
The thermocouple junction w a s  then moved across the  diameter of the tube a t  the  
hot tes t  v e r t i c a l  posit ion i n  approximately 1/4-inch increments. Figures 23(a) 
and 23(b) show the  diametric temperature prof i les  f o r  nominal furnace tempera- 
tu res  of 1500° F and 2500° F and three  flow conditions a t  the  hot tes t  v e r t i c a l  
posit ions.  The asymmetric shape of these curves i s  due t o  the f a c t  t h a t  one 
end of any diameter w i l l  always be closer t o  a glow rod than the  other end. 
Thus, t he  temperature p ro f i l e  of the  oxidation zone of the  furnace w a s  deter- 
mined f o r  nominal f i rnace temperature from 1500° F t o  2500° F i n  100' increments 
and flow conditions of no forced flow, and f o r  0.130 and 0.280 standard ft3/min 
f o r  each temperature. 
ures 22 and 23, that t h e  hot zone is not located a t  the  geometric center of the  
tube inside the  furnace approximately $.inches from top end of tube 
i n  the  tube with increased air  flow. 
var ia t ion across the  specimen could probably be expected. To determine the  
magnitude of t he  temperature var ia t ions on the specimen, a 2-centimeter-square 
platinum sheet 0.002 inch thick with three thermocouples attached w a s  used. 
thermocouples were attached one a t  the  center of the  square specimen and one 
each a t  the upper l e f t  and lower r igh t  corners. I n  a manner s i m i l a r  t o  the one 
described f o r  t he  bare thermocouple survey, the  specimen w a s  lowered in to  the 
tube and maneuvered up and down u n t i l  the  center thermocouple found the hot tes t  
point i n  the  oxidation zone. 
t h i s  position, a l l  three thermocouples were read and recorded. 
w a s  followed f o r  the  various air-flow ra t e s  and nominal furnace temperature 
f r o m  1500° F t o  2500° F. 
t i o n  w a s  not necessarily coincident with the  hot tes t  v e r t i c a l  posit ion.  
t he  posi t ion t o  be used f o r  each oxidation condition w a s  determined by rais ing 
and lowering the  platinum specimen u n t i l  the  posit ion of minimum temperature 
var ia t ion on t h e  specimen w a s  found f o r  each s e t  of temperature and flow condi- 
t ions  t o  be used i n  the k ine t i c  runs. 
from center t o  corner on the  specimen w a s  determined t o  be 12' F, the  m a x i m  
being 30' F. 
The survey clear ly  indicates, as i l l u s t r a t e d  by f ig -  
( 3 ) and rises 
The survey indicated that a temperature 
The 
A t  t h i s  posit ion and ve r t i ca l ly  kl/2 inch from 
This procedure 
It w a s  found t h a t  the  posit ion of l e a s t  thermal varia- 
Thus 
The average var ia t ion i n  temperature 
A t  t h i s  point it became obvious t h a t  the posit ion of a specimen i n  the  
furnace tube w a s  a c r i t i c a l  condition and t h a t  more information w a s  required t o  
be able t o  specify f u l l y  the  conditions under which t h e  oxidation k ine t ic  runs 
were t o  be made. 
t he  same and since the  temperatures had been measured i n  the  tube with 
unshielded thermocouples, it w a s  real ized t h a t  the  t r u e  gas temperatures were 
unknown. Therefore, t he  gas temperatures were measured f o r  a l l  conditions by 
use of a shielded, aspirated thermocouple. 
var ia t ion of gas temperature and specimen temperature a t  four  f l o w  rates .  
temperature of a platinum specimen and t h e  gas temperatures i n  the t e s t  posi- 
t ions  of the  furnace were known f o r  a number of nominal furnace temperature 
se t t ings  and several  flow rates of air. Once the  decision w a s  made t o  use the  
temperature of t h e  specimen as the  specified test temperature, t he  next s tep 
w a s  t o  ca l ibra te  the  furnace so t h a t  a given nickel specimen temperature could 
be reproducibly obtained under any of t he  flow conditions t h a t  were t o  be used. 
It w a s  real ized t h a t  thesequilibrium temperature of t he  nickel specimen would 
Ideally, t he  temperature of t he  a i r  and specimen should be 
(See ref. 12.) Figure 24 shows the  
The 
be somewhat different than tha t  of platinum because of the  different radia- 
t i o n  characterist ics of the  surfaces; f o r  example, the  platinum retained i ts  
lu s t e r  and w a s  primarily ref lect ive whereas nickel oxidized t o  a dark absorp- 
t i v e  surface. 
w a s  positioned i n  the furnace under conditions previously obtained f o r  the  
platinum specimen and the  nominal furnace temperature adjusted u n t i l  the  n i cke l  
specimen attained and held the  desired temperature. 
lowed f o r  a l l  conditions of flow and temperature t o  be used i n  the study and a 
group of curves were obtained which gave the  nominal furnace temperature w h i c h  
w a s  required t o  give any part icular  nickel specimen temperature f o r  any of the 
certain flows of the study. "he calibration w a s  spot checked occasionally and 
rerun whenever a new set of glow rods w a s  ins ta l led.  There was negligible 
change i n  these calibrations during the period when the  tests were m a d e .  Fig- 
ure 3 shows a typical  group of calibration curves f o r  nickel specimens. 
graph shows curves f o r  convective f low,  0.130 and 0.280 standard ft3/min. 
Similar curves were found f o r  0.065 and 0.205 standard ft3/min and, i f  plotted, 
would appear on the figure between the  convective f l o w  and 0.130, and 0.130 and 
0.280 standard ft3/min curves, respectively. 
Thus, a test  s ize  specimen of nickel w i t h  thermocouple attached 
This procedure w a s  fol-  
This 
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W L F :  I.- VOLUME AND LINEAR FLOW RATES 
~ 0.843 
1.58 
3.02 
2.34 
FOR KINETIC RUNS AT INDICATED 
SPECIMEN TFM€"!lXlU3S 
I I 
Linear f l a w  rate, I d / m i n  I ft/sec Volume flaw rate, 
I Specimen temperature, 1500~  F
0.065 
.130 - 205 
.280 
0.587 
1.06 
1.56 
1-97 
Specimen temperature, 1750' F I 
0.065 
.130 
205 
.280 
0.668 
1.23 
1.82 
2.31 
I Specimen temperature, 2000' F 
0.065 
.130 
205 
.280 
0 757 
1.40 
2.08 
2.66 
Specimen temperature 2250' F 
I 
0.065 
.130 
.205 
.280 
I Specimen temperature, 2500~ F 
0.065 
.130 
205 
.280 
0 934 
1.76 
2.62 
3.64 
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TABLE 11.- PARABOLIC RATE CONSTANT FOR NICKEL OXIDATION 
AT SPECIFIED AIR-FLOW RATES AND SPECIMEN TEMPERATURES 
Parabolic r a t e  constant, 
%, g2cm-'set-1 
Flow ra te  (a i r ) ,  
standard ft3/min 
Average parabolic 
ra te  constant, Ep, 
g%m-4sec-1 
Conve c t  ive* 
0.065 
.065 
.130 
.205 
205 
.280 
Convective* 
0.065 
.130 
205 
.280 
-. 
Convective* 
0.065 
.130 
.205 
.280 
Convective* 
0.065 
.130 
205 
.280 
- 
Convective* 
0.065 
.130 
.205 
.280 
1 1 
1 
Specimen temperature, 1500° F 
2.01 x 10-11 
1.65 
1.91 
2.40 
1-73 
2.02 
2-33 
) 2.01 x 
Specimen temperature, 1750° F 1 
1.45 x 
1.62 
1.47 
1.41 
1.63 
1-7 1.52 x 10-10 
Specimen temperature, 2000° F 1 
8.03 x 10-10 
7.54 
7-73 
6.68 
7-32 
1 Specimen temperature, 2250° F 
1 
3.37 x 10-9 
3.54 x 10-9 
3.49 
3 -15 
3.12 
3-57 
Specimen temperature, 2500° F 1 
1.50 x 
1.40 
1-39 
1.37 
1.41 
N o  forced air  flow, system open t o  a i r  at  both ends. * 
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TABLE In.- PARABOLIC RATE CONSTANTS FOR NICKEL OXIDATION FOR 
OXYGEN-NITROGEN RUNS AT DESIGNATED CONDITIONS 
Parabolic r a t e  constant, kp, g2cm-4sec-1, f o r  
- __ ~ _ _  
0.280 standard ft3/min 
~ 
20 
TABLE IT.- VALUES OF n OBTAINED FROM PLOT OF VARIATIONS OF 
0.130 standard ft3/min 
?:Z 
6.19 
5 -36 
Specimen 
temperature, 
O F  
1750 
2000 
2250 
2500 
0.280 standard ft3/min 
5.61 
5 037 
4.94 
4.66 
Average 
LOG kp WITH LOG po2 
Values of n obtained f o r  flow rate of - 1 
I 
7.14 I 5.14 I 
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TABIJ3 V.- COLOR OF SPECINEN OWE3 OXIDE SURFACE AND SUBSURFACE OXIDE 
0.130 
.130 
.a30 
.130 
.280 
.280 
.280 
.280 
AT INDICATED CONDITIONS FOR 02-N2 MIXTURF: RUNS 
7.6 
38 
76 
380 
9 
76 
380 
7.6 
- _  
r r  G a s  flow rate, O F e  j Color i' - 
par t i a l  pressure, 
standard ft3/min Outer surface Subsurface 
0.130 
.130 
.130 
.130 
.280 
.280 
.280 
.280 
0.130 
.130 
.130 
.130 
.280 
.Bo 
.280 
.280 
F 
0.130 
.130 . a30 
.130 
.280 
.280 
.280 
.280 
Specimen temperature, 
7.6 
38 
76 
380 
38 
76 
380 
7.6 
Specimen temperature, 
1750° F 
Green cast  
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
2000° F 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Green cast 
Specimen temperature, 2250° F 
Gray 
Gray 
Gray 
Gray 
Gray 
Gray 
Gray 
Specimen temperature, 2500' F 
Dark gray* 
Dark gray* 
Dark g r a p  
Dark gray* 
Dark gray* 
Dark gray* 
Dark gray* 
Dark gray* 
Gray- g re  en 
Gray-green 
Gray-green 
Gray-green 
Gray-green 
Gray-green 
Gray-green 
Gray-green 
- 
- 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
Light green 
These oxide surfaces were rough, whereas the others were f a i r l y  smooth. * 
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Boiance 
Glass tube --- 
\ 
Wire shield--- 
Woter shield -- 
Mullite tube --- --- -- t 1 Ix 
x---Ther mocouple 
I l r  1 
Preheat 
Zirconia pebbles ------- 
I Furnace 1 Topreheat furnace 
n 
(a) Gas train used for nickel oxidation studies using air. 
To Dreheat furnace 
Regulator 
gage 
Oxygen 
tonk 
Nitrogen 
tank 
Bourdon -$-! Surge tank 
(b) Gas train used for mixing oxygen and nitrogen gases for nickel oxidation studies of 
varying 02 partial pressures. 
Figure 1.- Schematic drawing showing thermobalance and associated apparatus used in kinetic 
oxidation studies. 
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(a) For specimen temperature of l D O o  F (averaged 1754’ F) . 
0 2 0  40 60 80 
Time , min 
I20 
(b) For specimen temperature of 2500’ F (averaged 25O5O F). 
Figure 2.- Variation of specimen temperature with time f o r  a typical  kinet ic  oxidation run  
l a s t ing  2 hours. 
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Figure 3.- Typical calibration curves of nominal furnace temperature with nickel specimen 
temperature. 18000 F preheater temperature. 
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Figure 4.- Parabolic oxidation curve f o r  nickel a t  1500° F specimen temperature 
and convective a i r  f l o w .  
kp = 2.01 x g2cm-4sec-1. 
Slope 1; kp = 2.78 x 10-11 g&”4sec-1. Slope 2; 
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Figure 5.- Parabolic oxidation curve f o r  nickel at 1750’ F spechen temperature and 
0.065 standard ft3/min a i r  flow rate. 
Slope 2; kp = 1.62 x 
Slope 1; kp = 1.72 X g2cm-4sec-1. 
g2m-4sec-1. 
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Figure 6.-  Parabolic oxidation curve fo r  nickel at 2000' F specimen temperature and 
0.130 standard ft3/min air flow rate. kp = 7.73 x g*~m-4sec-~. 
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Figure 7.- Parabolic oxidation curve f o r  nickel at 2250° F specimen temperature and 
0.m standard f't3/min air flow ra te .  kp = 3.12 x 10-9 g2m-4sec-1. 
I O  20 30 40 5 0  60 70 80 0 
Time, min 
Figure 8.- Parabolic oxidation curve f o r  nickel a t  2500° F specimen temperature and 
0.280 standard ft3/min air  f l o w  rate.  kp = 1.41 X g2af4sec1. 
80x108 
0 20 60 
T i m e ,  min 
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/ 
D 
,/ 
80 100 I20 
Figure 9.- Parabolic oxidation curve f o r  nickel at 1756' F specimen tempera- 
ture, 7.6 mm Hg oxygen p a r t i a l  pressure, and 0.130 standard ft3/~1in gas 
f l o w  ra te .  Slope 1; kp = 1.21 X g2~-4sec-1. Slope 2; 
kp = 1.05 x loe1' g2m-4sec-1. 
8 0  i00 i20 
Figure 10.- Parabolic oxidation curve for nickel at 2007° F specimen tempera- 
ture, 38 mm Hg oxygen p a r t i a l  pressure, and 0.130 standard ft3/min gas 
f low rate.  kp = 9.08 x 10-l' g2cm-4sec-1. 
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Figure 11.- Parabolic oxidation curve f o r  nickel a t  2242O F specimen tempera- 
ture, 76 mm Hg oxygen p a r t i d  pressure, and 0.280 standard ft3/min gas 
flow ra te .  kp = 3.19 x 10-9 g2cm-4sec-1. 
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Figure 12.- Parabolic oxidation curve f o r  nickel a t  2483O F specimen tempera- 
ture, 3 0  mm & oxygen p a r t i a l  pressure, and 0.280 standard ft3/min gas 
flow ra te .  kp = 1.47 x 1W8 g2cma.sec-1. 
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Figure 13.- Arrhenius plot  of average f l o w  parabolic reaction rate constant zp for nickel 
oxidation using a i r  a t  specimen temperatures of 1500° F, 1750° F, 20000 F, 2250° F, and 
2500° F. 
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( a )  0.130 standard ft3/min gas flow rate .  
Figure 14.- Temperature dependence of parabolic rate constant f o r  7.6, g, 76, and 380 mm Hg 
oxygen pa r t i a l  pressure. 
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(b) 0.280 standard ft3/min gas flow rate. 
Figure 14.- Concluded. 
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Figure 15.- Experimental kp fo r  f ive  a i r  flow ra tes  and temperatures. 
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Figure 15.- Continued. 
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Figure 16.- Arrhenius plot  of cp f o r  the  present study as compared with other 
investigations. 
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Figure 17.- Variation of kp with oxygen partial pressure f o r  indicated cases of specimen 
temperature and gas flow rate. 
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Figure 17.- Continued. 
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Figure 17.- Continued. 
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Figure 17.- Concluded. 
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on outer surface of nickel specimens oxidized at indicated specimen temperatures. 
76 mm Hg oqgen partial pressure and 0.130 standard ft3/min gas f l o w  rate. 
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Figure 19.- Variation of peak height ( intensi ty)  r a t i o  1/11 
76 mm Hg oxygen partial pressure and 0.130 standard ft3/min gas 
of N i O  l a t t i c e  planes on sub- 
surface oxide (outer oxide surface removed) of nickel specimens oxidized at indicated 
specimen temperatures. 
flow rate. 
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Figure 20.- Variation of peak height ( intensi ty)  r a t i o  1/11 of NiO l a t t i c e  planes 
on outer surface of nickel specimens oxidized a t  indicated specimen temperatures. 
76 mm Hg oxygen p a r t i d  pressure and 0.280 standard ft3/min gas flow ra te .  
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Figure 21.- Variation of peak height ( intensi ty)  r a t i o  1/11 
76 mm Hg oxygen p a r t i a l  pressure and 0.280 standard ft3/min gas 
of N i O  l a t t i c e  planes on sub- 
surface oxide (outer oxide surface removed) of nickel specimens oxidized at indicated 
specimen temperatures. 
flow rate.  
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Figure 22.- Vertical temperature prof i le  of oxidation zone using a bare thermocouple and 
various air-flow conditions. 1800~ F preheater temperature. 
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Figure 22.- Concluded. 
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Figure 23. -  Diametric temperature profile of oxidation zone of tube using a bare thermocouple 
for various air-flow rates. 1800' F preheater temperature. 
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